In the present work, the suitability of Aloe vera (AV) as a 'green reducing agent' has been investigated for the reduction of graphene oxide (GO). The extent of reduction was studied by varying the amount of AV. The physical and chemical properties of the GO and reduced graphene oxide (rGO) were investigated using UVVis spectrophotometry, FT-IR spectroscopy, High Resolution Transmission Electron Microscopy (HRTEM) and Selected Area Electron Diffraction (SAED). Partially reduced graphene oxide sheets obtained with 7.5 g of AV (rGO-7.5) demonstrated a maximum reduction efficiency of about 73% as evident from FT-IR data. Cyclic voltammetry and electrochemical impedance spectroscopy studies revealed a significant enhancement in current density and a decrease in charge transfer resistance for the rGO-7.5 sample.
Introduction
The striking thermal, electrical and mechanical properties of graphene have attracted immense attention. [1] [2] [3] Among several synthesis techniques, chemical reduction of graphene oxide is one of the most popular methods. Chemical reduction is in general carried out using reducing agents such as hydrazine or sodium borohydride. [4] [5] [6] Despite being a simple process, this method has some inherent disadvantages. High costs and the highly toxic nature of reducing agents, 7 and the irreversible aggregation of graphene oxide (GO) restrict the usage of this method. To overcome these challenges, various green synthesis routes and bio-reduction methods are being explored, where plants extracts or microorganisms act as eco-friendly reducing agents. [8] [9] [10] The use of micro-organisms requires aseptic conditions for their growth, 11 thus making the maintenance work more cumbersome. The use of plant extracts for reduction of GO eliminates the need of toxic reducing agents, making the process eco-friendly and cost-effective. They also help in controlling the crystal growth due to a slower reaction rate.
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Various plant sources such as Citrus sinensis (orange peel), 13 leaf extracts of Colocasia esculenta 14 and Mesua ferrea Linn, 14 grape extract 15 are pertinent to mention. Al-Marii et al. 16 prepared highly reduced graphene (HRG)-Ag nanocomposite (NP) using Pulicaria glutinosa plant, which acted as a reducing agent and a ligand, which helped in the binding of silver NPs onto HRG layers. Local availability, cost-effectiveness and eco-friendly nature of plant extracts make them a decent alternative to harmful chemicals for the reduction of graphene oxide. Though there are several different plants or fruit extracts that have been used in the reduction process but global unavailability and not so efficient reduction capability restrict their usage.
The reduced graphene oxide (rGO) obtained by green synthesis route, has been utilized as a multifunctional material and are used in electrochemical charge storage, sensing, photocatalysis, dye removal and several other applications. [17] [18] [19] [20] Bo et al. 21 synthesized rGO utilizing caffeic acid as a reducing agent and used the rGO for sensing and electrochemical storage purpose. Zhang et al. 22 utilized L-cysteine, an amino acid to synthesize rGO and explored its photocatalytic activity on methylene blue (MB). Several industrial dye molecules are contaminating water and creating serious environmental pollution. 23 Removal of these molecules from water is a big challenge. Dye adsorption 24 is one of the most popular technique to recycle contaminated water. Recently, rGO has become a promising dye adsorbent material. 25, 26 Suresh et al. utilized clove 27 and cinnamon 28 extracts to reduce graphene and studied its dye adsorption capability.
Aloe vera (AV), which belongs to the family Liliaceae, is one of the most widely used medicinal plant across the globe. It naturally grows across continents. In addition, it is one of the most cultivated plant and even found in the household due to its medicinal values. It is also used as an ornamental plant. It consists of 6 anti-septic agents, 23 polypeptides, at least 3 antiinammatory agents and various vitamins such as vitamin A and vitamin B12 (ref. 29) . AV leaf gel contain phytochemicals such as acetylated mannans, polymannans, anthraquinone Cglycosides, anthrones, other anthraquinones, including emodin, and various lectins. 30 AV extract has demonstrated an excellent capability as a reducing agent in the synthesis of triangular and spherical shaped gold and silver nanoparticles from their respective salts. 31 Other nanoparticles such as indium oxide (In 2 O 3 ) 32 has also been produced. Such reports emphasize the immense potential of AV as a reducing agent. Since AV is easily available, and has low cost, 33 it is used as a substitute for hazardous chemicals for the reduction of metal salts.
In this work, the reducing capability of AV for the green reduction of graphene oxide has been investigated. AV extract contains manifold of organic compounds e.g. anthaquinones, polysaccharides, sugars etc. which have the natural reducing ability. Proposed synthesis mechanism to reduce GO through AV is environmental friendly and promising for the large-scale cost effective production of rGO. AV amount is one of the key parameter which commands the reduction prole and thus a systematic parametric investigation was performed to check the extent of reduction with different AV concentration. Fourier transformed infrared (FT-IR) spectroscopy has been utilized to nd out the reduction efficiency. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques have been employed to study electrochemical properties of the GO and rGO. The capability of as prepared rGO in dye adsorption was also investigated. De-coloration and dye removal study of methylene blue (MB), which is extensively used in dye industry to dye cotton, woods etc. was performed using rGO.
Materials and methods

Materials
Graphite powder and sodium nitrate were brought from CDH. Ethanol (99%, Sigma-Aldrich), sulphuric acid (98%), potassium permanganate (99.5%) and hydrogen peroxide (30%) were brought from Merck, ethanol (99%) and methanol were brought from Sigma-Aldrich. All the chemicals were of AR grade and were used without any further purication. Aloe vera gel in pure form was procured from local organic farming. All the solutions were made using de-ionised (DI) water (18 MU cm).
Synthesis
2.2.1. Synthesis of graphene oxide (GO). GO was synthesized using modied Hummer's method. [34] [35] [36] In a typical method, 1 g of graphite powder was mixed with 0.5 g of sodium nitrate (NaNO 3 ). 25 mL of sulphuric acid (H 2 SO 4 ) was added to the mixture followed by slow addition of 3 g of potassium permanganate (KMnO 4 ) over a period of 2 hours in an ice bath. The solution was stirred for 2 hours on ice bath. 500 mL of DI water was poured into the solution followed by very slow addition of 10 mL of 30% hydrogen peroxide (H 2 O 2 ) with vigorous stirring over ice bath. The as obtained yellow colored GO was then centrifuged and washed repeatedly with DI water and 50% methanol until neutral pH was obtained. Finally, GO powder was dried in air.
2.2.2. Reduction of graphene oxide. To 80 mL distilled water, 0.04 g of GO powder was added and the suspension was ultra-sonicated for about 30 min. As purchased AV with different masses (3, 7.5 and 12 g) were added to 10 mL deionized water and stirred for 10 min. AV solution was then added to the GO suspension and was reuxed for 24 h at 95 C. Aer the reaction, the suspension was centrifuged at ca. 3000 rpm. The black powder thus obtained was washed with distilled water many times, then with ethanol and dried in air. In order to obtain the maximum efficient reduction, the amount of AV was varied.
Experimental
2.3.1. Morphology analysis. Optical absorbance in the wavelength range 200-800 nm was measured using UV-Vis Spectrophotometer (UV-2600 Spectrophotometer, Shimadzu). FT-IR spectra was measured using Thermo Fisher Scientic instrument in the range $4000 to 650 cm À1 at ambient condition, with a resolution of AE4 cm À1 utilizing the transmission mode. The spectra was analyzed using Thermo Insight so-ware. HRTEM images were taken using Fei-Philips, Morgagni 268D TEM (Digital TEM with image analysis system and maximum magnication ¼ Â280 000) operating at a voltage 100 kV.
Electrochemical measurement. Electrochemical measurements (CV and EIS) were performed on an Autolab
Potentiostat Galvanostat PGSTAT 302N (Metrhom, Netherlands). For CV measurement, a three-electrode set up consisting of Ag/AgCl as the reference electrode, platinum wire as the counter electrode and glassy carbon electrode (GCE) with dropdried GO and/or rGO as the working electrode, was utilized. The CV scans were carried out between À0.6 V to 1.0 V using 0.1 M aqueous KCl solution containing 5 mM Fe(CN) 6 3À/4À redox couple. The impedance measurements were carried out in the FRA potential scan mode with a three-electrode set up. A 3 mm diameter GCE coated with GO and/or rGO as active material was used as the working electrode along with platinum wire as the counter electrode. The EIS measurements were carried out at room temperature in 0.1 M aqueous KCl solution containing 5 mM Fe(CN) 6 3À/4À redox couple. For measurements, a sinusoidal alternating current (a.c) perturbation voltage with root mean square (r.m.s) value of 10 mV was applied while the frequency was varied from 1 Hz to 100 kHz. The spectrum was tted using NOVA soware. 2.3.3. Adsorptive removal of methylene blue. To study the dye removal capability of rGO, methylene blue dye was used. 20 mg rGO-7.5 was added in 125 mL methylene blue (MB) solution (4 ppm). The mixture was shaken on an orbital shaker at 25 C and at 150 rpm. A xed volume of the dye solution was taken out aer regular time intervals and centrifuged for the removal of rGO. Absorbance for all extracted dye samples was recorded at 664 nm.
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Removal percentage (1) was estimated by using the following formula:
( 1) where C 0 is the initial concentration of dye and C t is concentration aer a time interval t. The adsorption amount (2) q t was calculated using following equation:
where q t is the amount of adsorbed dye per gram of the adsorbent (mg g À1 ), C 0 and C t are the concentrations of the MB solution (mg L
À1
) at the initial and adsorption time t, respectively. V is the volume of the MB solution (L) and m is the mass of the adsorbent (g).
Dye removal capability of GO was also studied, keeping all the other parameters xed.
2.3.4. Recycling study. The adsorption stability of rGO-7.5 was examined by recycling it for 5 separate MB adsorption studies as mentioned by Tiwari et al.
26
. In the actual experiment, 20 mg rGO-7.5 was added in 125 mL of MB solution (4 ppm). The mixture was shaken at 25 C and 150 rpm for 15 minutes.
Aer centrifugation, the rGO was removed from the solution.
Absorbance for the solution was recorded at 664 nm. The extracted rGO was ltered and consequently washed with ethylene glycol (EG). 26 The as washed rGO-7.5 was then dried and utilized for the second adsorption experiment. This process was repeated for 5 times. Fig. 1 shows the FT-IR spectra of GO and rGO samples. The presence of various oxygen functional groups in Fig. 1a conrm the successful oxidation of graphite to GO. The characteristic peaks of GO are observed at 1640 cm À1 (C]O stretching) and at 1060 cm À1 (C-O stretching vibration mode), with a broad peak at 3250 cm À1 (O-H stretching vibrations). 39 The disappearance of peak at 1060 cm À1 indicates a decrease of the C-O stretching vibrations with increase in AV concentration. This observation supports the reduction of GO to rGO. 40 A broad peak at 3250 cm À1 is attened in the reduced samples due to removal of hydroxyl groups.
Results and discussions
Morphology analysis
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From FT-IR peak area analysis at 1060 cm À1 (Fig. 1b and Table 1 ), the reduction in the peak area was observed with the increase of AV concentration. It can be seen that the curve was almost attened for sample rGO-7.5. The peak at 1060 cm À1 as assigned to C-O stretching vibration mode was therefore found to decrease, which suggests the reduction process. Area under peaks has been utilized to estimate the reduction efficiency by using following formula. 
Reduction efficiency % ¼
where, A GO ¼ area under peak for GO, A rGO ¼ area under peak for rGO. About 73% reduction of GO was achieved with 7.5 g of AV on the basis of FT-IR analysis. The absorption properties of nanoparticles can be understood well using UV-visible spectroscopy. In Fig. 1c , a characteristic peak of GO is visible at 230 nm which can be attributed to the p-p* transition of the aromatic C-C ring, 39 thus showing strong absorption. In case of rGO-7.5, the number of oxygen group decreases signicantly as a result of which the electrons require very less energy for excitation. Due to this, absorption peak for rGO is shied to 259 nm.
Graphene oxide sheets were obtained aer modied Hummer's synthesis from graphite powder. The material demonstrates presence of crystalline phases as indicated by bright spots from SAED (top right in Fig. S1 ESI †) . Reduced graphene oxide contains overlapped crumpled sheets and is represented in bottom le, Fig. S1 (ESI). † The sheets appear folded from the edges. These folds and corrugations impart thermodynamic stability to the two-dimensional structures. 41 In Fig. S1 , † less bright spots are observed from SAED of rGO-7.5 (bottom right). Due to the presence of crumpled and folded sheets, the electron diffraction from different crystalline planes were masked making the spots appear less bright.
Electrochemical analysis
Cyclic voltammetry (CV).
The cyclic voltammetry of GO, rGO-3, rGO-7.5 and rGO-12 is represented in Fig. 2a . In case of GO modied GCE, very less current compared to the rGO specimens are observed. This slow electron transfer of redox couple Fe(CN) 6 3À/4À in GO is associated with lower conductivity of GO and presence of large number of oxygen containing functional groups. On the other hand, CV scans of rGO showed a pair of prominent redox peaks suggesting increased electron transfer. However, among the rGO species, rGO-7.5 shows the highest current density. The electrochemical response of rGO-7.5 modied GCE as a function of scan rate is further illustrated in Fig. 2b . An increase in the scan rate resulted a shi in the anodic peak potential towards positive side and cathodic peak potential towards negative potentials. Additionally, a linear increase in the redox peak current with the square root of scan rate for rGO-7.5 ( Fig. 2c) is obtained. This linear behavior clearly suggests that the semi-innite linear diffusion controls the redox reaction with a rapid electron transport 42 .
Impedance spectroscopy.
In order to investigate the changes in the conductivity during the reduction of GO to rGO EIS measurements were carried out for both GO and rGO-7.5 sample. The Nyquist plot obtained through EIS measurement can give valuable information about the variation in the conductivity of electrode material. The diameter of the semicircle of Nyquist plot provides the magnitude of the charge transfer resistance. 43 The Nyquist plots obtained for GO and rGO are shown in Fig. 2d , with the Nyquist plot for GO modied GCE electrode exhibiting a broad semicircle suggesting that the modication of electrode with GO obstruct the charge transfer due to poor conductivity of GO and repulsion between the surface charges of GO and electrolyte ions. However, for rGO modied electrode a sharp reduction in the semicircular diameter has been observed suggesting enhancement of charge transfer among electrolyte ([Fe(CN) 6 ] 3À/4À
) and the electrode.
The EIS data was further tted using a model equivalent electrical circuit (inset of Fig. 2d) . The circuit contains a series resistance (R s ) which considers both solution resistance and contact resistance, charge transfer resistances (R ct1 ) and (R ct2 ) and constant phase elements (Q 1 , Q 2 ) 44 for working and counter electrodes respectively. This kind of electrical circuit is also reported in the literature. 45 The tted and the experimental data are plotted in Fig. 2d and it shows residual c 2 values of $0.01 (for GO) and $0.04 (for rGO-7.5) conrming an excellent tting. It is to be mentioned here that charge transfer resistance of the GO modied working electrode was $25 kU and the same was reduced to $9 kU for the rGO-7.5 modied electrode.
3.3. Dye removal study 3.3.1. Adsorption of MB by GO and rGO-7.5. In dye adsorption study, 125 mL of MB aqueous solution (4 ppm) was treated with 20 mg GO and rGO-7.5 samples. Fig. 3a shows absorption spectra of dye solution treated with RGO-7.5 sample for different time durations. A sharp reduction in absorbance (around 664 nm) indicates maximum removal of dye in rst 5 minutes. Fig. 3b depicts the percentage removal of MB with time. For both GO and rGO, most of the dye molecules were adsorbed while reaching equilibrium condition. 98% dye adsorption is achieved in case of rGO while, in case of GO it is found to be $80%. Both GO and rGO have shown exceptional dye removal efficiency towards MB, a cationic organic dye. Strong p-p interaction between MB and rGO (GO) surface is the prime reason of adsorption 25 in addition to high electrostatic interaction. 46 The effective surface area of rGO-7.5 sample is in general, much higher than that of GO and thus the contact area was enhanced signicantly in case of rGO-7.5 which in turn boosted its adsorption efficiency. 47 Also, it was reported earlier that the presence of trace amount of residual GO aer centrifugation may reduce the adsorption efficiency 15 . 3.3.2. Kinetic study for the MB adsorption. The kinetics of adsorption of MB on GO and rGO in aqueous medium at a xed initial concentration (4 ppm) at room temperature (25 C) were carried out to understand the adsorption process and represented in Fig. S2 of ESI. † For both the samples, adsorption increases in the rst 5 minutes, then slows down and reaches equilibrium aer 10 minutes. The kinetic parameters corresponding to adsorption of MB at the GO and rGO-water interface were assessed using pseudo rst-order and pseudo second-order kinetic models with 4 ppm of initial dye concentration.
Lagergren pseudo rst-order kinetic model (4) is expressed as 48 log(q e/expt À q t ) ¼ log q e/fitted À (k 1 t/2.303)
where k 1 is the rate constant of the pseudo rst-order kinetic equation and q t , q e/expt and q e/tted are the adsorption densities of MB at time t, at equilibrium (experimental and tted) respectively. q e/tterd was estimated from Fig. S3 of ESI † and is presented in Table 2 . The R 2 values for GO and rGO are $0.97 and $0.93
respectively. The estimated q e/tted values are much lower compared to the experimental values ( Table 2 ). The linear form of pseudo second-order kinetics is presented by 49 eqn (5) as
where k 2 is the pseudo second-order adsorption rate constant. Variation of t/q t with time for MB adsorption for GO and rGO-7.5 are shown in Fig. 4a and b respectively. The values of k 2 and q e were evaluated from the slope and intercept of plots of t/q t versus t (Fig. 4) and presented in Table 2 . The R 2 values are much better compared to the pseudo rst order kinetic model Table 2 . Also, the value of q e nicely matches with the experimental data indicating that MB adsorption kinetics follows pseudo second order rate kinetics. Intraparticle diffusion 50 and Boyd kinetic 51 models were further evaluated to understand the transport mechanism of adsorption process.
The intraparticle diffusion model is described by 50 eqn (6) as
where k i is the intraparticle diffusion rate constant and c is a constant. The graph between q t and t 1/2 for rGO-7.5 samples were plotted in Fig. S4 of ESI. † The tting was rather poor and also the tted line in Fig. S4 † do not pass through the origin suggestive of non-suitability of intraparticle diffusion as ratecontrolling step of adsorption process. To differentiate between external and intraparticle diffusion, the Boyd kinetic model was further utilized to determine the actual ratecontrolling step. The Boyd plot (B t vs. time) is made utilising the formula:
where
and B is the Boyd's number. The curves of the Boyd model plot (Fig. S5 , ESI †) do not pass through the origin, which indicates that external mass transport mainly governs the rate-limiting process of adsorption of MB onto GO and rGO. Similar results for adsorption of MB on activated carbon, was reported by Ai et al. 3.3.3. Recycling of rGO-7.5. Extreme environmental and economic demands of sustainability require recyclable adsorbent particles that can be utilized for several dye removal cycles. In addition to its high adsorption capability, a better desorption property of the particle is also preferred for practical applications. The regeneration and reuse of as prepared rGO sample was investigated and shown in Fig. 5 . By utilizing a common, inexpensive solvent EG, rGO can be efficiently recycled. 26 The percentage of capture is plotted against the cycle number. From the gure, it is quite clear that even aer 5 adsorption cycles, 99% of initial dye removal capability can be attained. The dye removal efficiency decreased by 1% aer 5 cycle of its usage (from 98% to 97%). This shows the reusability and suitability of the adsorbent in practical industrial usage.
Reduced graphene oxide and its composites/derivatives have been explored by many researchers to study its dye removal capability. A comparative study of the dye adsorption of graphene based materials is represented in Table 3 . From the table, it is observed that rGO and its composites have been used to remove many aqueous dye molecules. Many of the researchers used magnetic nanoparticles to separate out the composites and to reuse it.
53,54 Our study shows that the as prepared rGO-7.5 exhibits very fast dye removal capability with 98% of the 
Mechanism of reduction of graphene oxide
AV leaf extract contains mainly anthaquinones (phenolic compounds such as aloin and aloe-emodin), sugars (mainly monosaccharides (glucose and fructose) and polysaccharides (glucomannans/polymannose)), fatty acids, amino acids, minerals, vitamins and enzymes. 55 Composed mainly of polyphenols and sugars, AV thus demonstrates a mixture of chemical structures which can be easily oxidized. Among sugars, acemannan or acetylated mannan is the predominant component polysaccharide of AV gel. Other major components include anthraquinones and derivatives. 42 The reduced forms contain polyhydroxy groups (e.g. acemannan) or polyphenols (e.g. anthraquinones) and the oxidized forms contain carbonyl groups (or anthraquinone backbone in aloe-emodin).
Graphene oxide contains a variety of functional moieties on its surface such as carboxylic, hydroxyl and epoxy groups. In the light of the detailed characterization of the rGO and GO samples, the mechanism of the reaction has been proposed. Carboxylic group undergoes condensation upon reaction with the reduced forms in AV to form an ester. Further reduction causes ring opening resulting in the formation of reduced form of graphene oxide. In case of hydroxyl derivative, condensation to form ring followed by ring cleavage facilitates the reduction of GO. Epoxy group undergoes ring opening upon reaction with the polyhydroxy groups in AV followed by ring formation and cleavage to cause reduction of GO (Fig. 6 ).
Conclusions
Aloe vera is used as a green reducing agent for the reduction of graphene oxide. Optimum reduction efficiency of about 73% was achieved with 7.5 g of reducing agent. Interfacial charge transfer resistance substantially decreased in the rGO-7.5, due to the reduction of GO by Aloe vera. As obtained rGO also exhibited enhanced current density and higher conductivity than GO sample. Proposed reduction mechanism demonstrates the role of sugars and anthaquinones as major components in the reduction of graphene oxide. The rGO exhibited remarkable fast dye adsorption capability and the adsorption kinetics was found to be pseudo second order in nature, which was governed by external mass transport. Excellent dye adsorption-desorption capability and recyclability of synthesized rGO makes it a promising candidate for dye adsorbent material. This work illustrates a whole new 'green' approach of synthesizing large scale reduced graphene oxide, which may nd suitability in electronics and sensing applications.
